House mouse lines bidirectionally selected for nest-building behavior show a correlation between number of AVP cells in the suprachiasmatic nuclei (SCN), the master circadian clock in mammals, and level of nest-building behavior as well as a correlation between wheel-running activity and SCN AVP content. Similar genetic correlations between wheel-running activity and nest-building behavior have been reported in house mouse lines selected for increased voluntary wheel-running behavior. These similarities in genetic correlation structure in independently selected mouse lines allowed us to test whether AVP in the SCN and wheel running activity are truly correlated traits under identical testing procedures. In the mouse lines selected for voluntary wheel-running, no difference was found between the lines selected for high levels of voluntary wheel-running and randomly-bred control lines in the number of AVP immunoreactive neurons in the SCN (F 1,6 = 0.09, NS; replicate line effect: F 1,22 = 0.05, NS). This finding was confirmed at the level of individual variation, which revealed no relationship between number of AVP neurons in the SCN and total daily activity (R = −0.086, NS, n = 24), or circadian organization (i.e., the chi-squared periodogram waveform amplitude; R = −0.071, NS). Therefore our data do not support the hypothesis that differences in activity level and the circadian expression of activity in young adult mice are related to differences in the number of AVP-immunoreactive cells in the SCN.
INTRODUCTION
The suprachiasmatic nucleus (SCN) of the anterior hypothalamus has long been known as the site of the circadian clock in mammals (Weaver, 1998) . This clock allows the body to time biological functions at a precise phase relationship to the light-dark cycle, but whether it regulates other circadian rhythm features (e.g., rhythm amplitude) is currently unknown. Arginine-vasopressin (AVP) neurons are prevalent in the SCN and are extensively interconnected (Castel et al., 1990; Van den Pol and Gorcs, 1986) , suggesting the capacity for coordinated output. However, efforts to link AVP to specific clock functions have largely been inconclusive. For example, work done by Shimizu et al. (1996) revealed that selective immunotoxin-induced reduction of the number of AVP neurons in the SCN of rats eliminated the circadian rhythm of water intake. Likewise, AVP mRNA and protein expression is reduced and arrhythmic in the Clock mutant mouse, paralleling changes in circadian function (Jin et al., 1999; Silver et al., 1999; Vitaterna et al., 1994) . In contrast, studies of circadian rhythms in AVP-deficient Brattleboro rats have shown that AVP is not necessary for the maintenance of coherent circadian rhythmicity (Groblewski et al., 1981; Murphy et al., 1996 Murphy et al., , 1998 Stoinev and Ikonomov, 1990) .
In aging, decreased AVP content in the SCN Swaab, 1994, 1995; Lucassen et al., 1995) is correlated with decreased amplitude of the activity rhythm, increased rhythm fragmentation, and disruption of the normal sleep/wake cycle (reviewed in Myers and Badia, 1995) . These correlations parallel relationships found in young adult male house mice (Mus domesticus) bidirectionally selected for thermoregulatory nestbuilding behavior (Bult and Lynch, 2000) . In these mice, increased number of AVP neurons in the SCN of the small nest-builders is correlated with increased wheelrunning activity and rhythm amplitude, reduced rhythm fragmentation, and delayed time of daily activity maximum compared to the big nest-builders (Bult et al., 1993 (Bult et al., , 2001 . If AVP neurons in the SCN are functionally involved in regulating the level or circadian characteristics of wheel-running activity, then we predict that mice selected for high levels of voluntary wheel-running activity and consequently high rhythm amplitudes (Garland, 2003; Swallow et al., 1998) will have larger numbers of AVP neurons in the SCN compared to the randomly bred control lines. Rhythm amplitude refers to the daily maximum activity level. Using a paradigm similar to the one used to assess the nest-building mice (Bult et al., 1992 (Bult et al., , 1993 (Bult et al., , 2001 , we compared the number of AVP-positive SCN neurons to circadian rhythm parameters in these activity-selected lines.
METHODS
In the Bult-Ito laboratory, 24 adult male house mice (Mus domesticus) from generation 19 of selection for voluntary wheel-running (n = 13) and nonselected control lines (n = 11) (see Swallow et al. (1998) for details on selective breeding) were individually housed in polypropylene cages (24 × 35 × 21 cm) equipped with a 27-cm-diameter running wheel. Animals were randomly assigned to running wheels, and all animals were tested at the same time in the same room. Eight additional animals (four high selected and four control) were housed in the same room in cages without wheels. Purina rodent chow and water were available ad libitum, and the animals were kept on a 16:8 light-dark cycle (lights on at 0400) for the duration of the experiment. Animals were allowed free access to a running wheel for 17-18 days, after which they were perfused 3.8-6.3 h after lights on and their brains collected for immunohistochemistry as previously described (Van der Zee and Bult, 1995) . The final 7-10 days of the activity record were used for circadian rhythm analysis. Running-wheel activity was recorded as previously described (Amy et al., 2000) , and parameters of the wheel-running activity rhythm were quantified using ActiView (Minimitter Co., Inc., Bend, OR) and ClockLab (Actimetrics, Evanston, IL) following previously described criteria (Bult et al., 1993 (Bult et al., , 2001 . Measured circadian rhythm parameters included: total daily activity (number of wheel revolutions per day), time of daily activity maximum, amplitude of the wheel-running rhythm, the chi-squared periodogram waveform amplitude (a measure comparable to the tau peak height used by Bult et al., 2001) , and rhythm fragmentation (mean number of activity bouts per day). The chi-squared periodogram is a mathematical time-series analysis to determine the period (Sokolove and Bushell, 1978) and robustness (Bult et al., 2001; Levine et al., 2002 ) of a rhythm. For comparison, mice from the same generation were tested for wheel-running activity in the Garland laboratory as previously described (Garland, 2003; Rhodes et al., 2001; Swallow et al., 1998) . Cell counts for AVP-positive neurons were performed in the six most medial SCN sections from each animal, according to Bult et al. (1992) . Cell counts represent the total number of AVP-positive neurons in the left and right sides of the SCN for all six evenly spaced 20-m coronal sections from each animal (section numbers 4, 7, 10, 13, 16, 19) . Neurons were also counted in replacement animals (those without running wheels). Cell counts were done blind to line of origin to avoid bias.
Data were analyzed using SAS software (SAS Institute INC., Cary, NC). All values are reported as means ± standard error. Results from behavioral screening for selective breeding of generation 19 in the Garland laboratory were analyzed by ANOVA (proc mixed), with family and replicate line (four selected lines, four control lines) entered as nested random effects, for the following fixed effects: selected line (high and control), batch (testing group), age, and wheel freeness. For data collected in the Bult-Ito laboratory, the effects of having a running wheel or not, selected line, and replicate line on the number of AVP neurons in the SCN were tested by ANOVA (proc glm). Differences in total daily activity between selected and control lines were tested by ANOVA (proc glm) for effects of selected line and replicate line. At the level of individual variation (n = 24), linear regression analysis (proc reg) was used to test for relationships between the total number of AVP cells in the SCN and total daily activity or the chi-squared periodogram waveform amplitude. In addition, linear regression analysis was also used to test for relationships between the chi-squared periodogram waveform amplitude and total daily activity, time of daily maximum activity, amplitude of the activity rhythm, or rhythm fragmentation.
RESULTS
In the Bult-Ito lab, we found a nonsignificant trend for increased total daily running in the high-selected mice (10,582 ± 794 wheel revolutions per day [revs/ day], n = 13) compared to randomly bred controls (7851 ± 1153 revs/day, n = 11) (selected vs. control F 1,6 = 3.06, NS; replicate line effect F 6,16 = 1.80, NS). However, the replicate control lines tended to have different mean levels of daily wheel running (replicate line #1: 10,132 ± 1744 revs/day; #2: 5087 ± 2136 revs/day; #4: 4639 ± 1744 revs/day; #5: 10,625 ± 1744 revs/day) compared to the replicate high selected lines (replicate line #3: 10,824 ± 1173 revs/day; #6: 12,161 ± 2573 revs/day; #7: 9310 ± 1893 revs/day; #8: 9956 ± 1038 revs/day). Male mice (n = 266) from the same generation tested in the Garland laboratory showed a 2.67-fold difference in wheel-running activity (control lines: 3232 ± 540 rev/day; high lines; 8628 ± 505 rev/day), similar to results from comparable generations (Garland, 2003; Rhodes et al., 2001; Swallow et al., 1998) . The replicate line (F 1,6 = 53.31, p < 0.0003) and batch (F 2,183 = 15.73, p < 0.0001) effects were significant, whereas the age (F 1,183 = 1.34, NS) and wheel freeness (F 1,183 = 1.14, NS) effects were not.
Results of ANOVA showed no difference in the number of AVP neurons in animals with and without running wheels (F 1,6 = 0.02, NS), and therefore the two groups were pooled. No difference was found between the selected (1134 ± 38, n = 17; Fig. 1a ) and control (1139 ± 44, n = 15; Fig. 1b ) lines in the number of AVP immunoreactive neurons in the SCN (F 1,6 = 0.09, NS; replicate line effect: F 1,22 = 0.05, NS). To confirm that the number of AVP neurons in the SCN was not associated with total daily activity or circadian parameters of wheel-running activity, linear regressions were performed on all animals combined. No relationship was found between number of AVP neurons in the SCN and total daily activity (R = −0.086, NS, n = 24; Fig.  1c ), or the chi-squared periodogram waveform amplitude (R = −0.071, NS, n = 24). The chi-squared periodogram waveform amplitude is the primary characteristic of the wheel-running rhythm used in this study. This measure incorporates other characteristics of circadian organization (Bult et al., 2001 ) as exemplified by the following: chi-squared periodogram waveform amplitude was significantly ( p ≤ 0.0125 with Bonferroni correction for four statistical tests) correlated with total daily activity ( R = +0.712, p < 0.0001, n = 24; Fig. 1d ), rhythm fragmentation ( R = −0.858, p < 0.0001, n = 24), amplitude of the activity rhythm ( R = +0.547, p < 0.0057, n = 24), and time of maximum activity ( R = +0.652, p < 0.0006, n = 24).
DISCUSSION
Previous studies have shown that the number of AVP cells in the SCN is correlated with activity level and several circadian characteristics of the activity rhythm (see Introduction). We were able to address the relationship between AVP neurons in the SCN and the circadian rhythm of voluntary wheel running independently from other studies by using mouse lines specifically selected for increased wheel-running behavior. Our data do not support the hypothesis that differences in activity level and the circadian expression of activity in young adult mice are related to differences in the number of AVP-immunoreactive cells in the SCN.
In this study we found apparent differences among the replicate control lines with two of the four lines that tended to show lower activity levels, whereas the two remaining control lines tended to be similar to the four high selected replicate lines. Other studies with these lines, including the generation that produced these mice, have shown significant differences in wheelrunning activity between all control and all high selected lines with no significant replicate effect (e.g., Koteja et al., 1999; Rhodes et al., 2001; Swallow et al., 1998) . A possible explanation for the difference in wheel-running behavior found among the control replicate lines is the difference in the experimental setups for measuring wheel-running activity. Very large diameter running wheels (1.1 m circumference) located in a separate chamber (connected to the home cage by a short tunnel) are used for selection (Koteja et al., 1999; Rhodes et al., 2001; Swallow et al., 1998) as opposed to the relatively small running wheels (located in the home cage) used in this study. Alternatively, the relatively small sample sizes in each replicate line may also have played a role. Because of these differences among the control replicate lines, we used regression analysis to test across selected lines for a relationship between AVP in the SCN and wheel running activity based on total daily activity as opposed to selected line. Again, however, we found no evidence for a relationship between the number of AVP cells in the SCN and total daily activity or characteristics of the circadian activity rhythm. This lack of a relationship is consistent with a recent study that found no difference in the number of Fos-positive cells in the SCN of mice from the selected and control lines (Rhodes, 2002) .
Work on house mouse lines bidirectionally selected for nest-building behavior found that small nestbuilding mice are more active than mice that built large nests (Bult et al., 1993) . Similarly, the lines selected for increased voluntary wheel running used in this study made smaller nests than did less active control lines (Carter et al., 2000) . In the lines selected for nestbuilding (Bult et al., 1993 (Bult et al., , 2001 ) and the lines selected for wheel running (this study), significant correlations were measured between the chi-squared periodogram waveform amplitude and total daily activity, rhythm fragmentation, amplitude of the activity rhythm, or time of maximum activity, revealing very similar circadian rhythm organization. The significant correlations also indicate that our data set of the wheel-running selected lines had considerable statistical power. These similarities in genetic correlation structure for nest-building behavior, activity level, and circadian organization in independently selected mouse lines strengthen our conclusion that AVP in the SCN appears to be unrelated to the level or circadian organization of wheel-running activity.
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